ABSTRACT: Interactions between model molecules representing building blocks of proteins and the thiocyanate anion, a strong protein denaturant agent, were investigated in aqueous solutions with intermolecular vibrational energy exchange methods. It was found that thiocyanate anions are able to bind to the charged ammonium groups of amino acids in aqueous solutions. The interactions between thiocyanate anions and the amide groups were also observed. The binding affinity between the thiocyanate anion and the charged amino acid residues is about 20 times larger than that between water molecules and the amino acids and about 5−10 times larger than that between the thiocyanate anion and the neutral backbone amide groups. The series of experiments also demonstrates that the chemical nature, rather than the macroscopic dielectric constant, of the ions and molecules plays a critical role in ion/ molecule interactions in aqueous solutions.
INTRODUCTION
The effects of salts on protein solubility and conformational stability have been of great research interest for decades. Interestingly, despite their importance in biochemistry, the molecular level mechanism of salt/protein specific interactions is yet to be fully elucidated.
1 There has been a long discussion about how salts can change the properties of proteins, via directly interacting with proteins 2, 3 or indirectly through modifying water structures. 4, 5 It was originally believed that the disruption of water structures by the presence of ions plays a dominant role in biological processes. 6 However, some recent studies showed that ions only have short-range effects on the structure and dynamics of the first hydration shell but no longrange influence on the water hydrogen bonding network. 7, 8 Recently, the direct ion−biological molecule interactions began to be recognized as a very important factor for the protein stability and solubility.
2 From X-ray diffraction (XRD) studies on protein structures and molecular dynamics (MD) simulations, anions were found to be able to bind to the positive charged groups of a protein. 9−13 It was suggested that this direct interaction could be responsible for the solubility of the protein. Because the backbone of a protein is not charged, it was believed that interactions between the amide groups of the backbone and anions were weak and therefore played a very minor role in the salt-induced denaturation.
14 However, an opposite opinion argued that the direct interaction between anions and the amide groups could be responsible for the protein denaturation since the positively charged groups always bind to the anions in both natural and denatured states, resulting in no net contribution to the conformational changes of the proteins. 3 The situation that many different opinions on the mechanism of salt/protein interactions coexist partially results from the complexity of the systems investigated. A protein has many functional groups that can potentially interact with ions in aqueous solutions. In a protein solution, these interactions can simultaneously exist, leading to experimental difficulties in determining which interactions are more important than others for changing the conformation of the protein. Instead of studying proteins directly, in this work we have investigated model compounds representing different building blocks of a protein to avoid the copresence of many interactions in one measurement. One model compound represents one functional group which can potentially bind to SCN − , a strong denaturant. We measured the relative strength of interactions between these model compounds and SCN − using vibrational energy exchange methods. 15, 16 From these measurements, we were able to determine the relative priorities of these model compounds interacting with SCN − . Our results show that in aqueous solutions, besides the charged amino acids, other molecules representing the neutral functional groups of a protein can also interact with ions with different strengths.
EXPERIMENTS
Materials. Unless specified, chemicals were purchased from Sigma−Aldrich and used as received. KS 13 
C
15 N was purchased from Cambridge Isotope Laboratory. Formamide-ND 2 was obtained by deuterating formamide in methanol-od.
Methods. The optical setup was described previously. 15, 16 Briefly, a picosecond amplifier and a femtosecond amplifier are synchronized with the same seed pulse from an oscillator which produces ∼0.6 W 800 nm output with a bandwidth ∼35 nm and a repetition rate ∼77 MHz. The picosecond amplifier pumps an OPA to produce ∼1 ps mid-IR pulses with a bandwidth of 10−35 cm −1 in a tunable frequency range from 500 to 4000 cm −1 with energy 1−40 μJ/pulse at 1 kHz. The femtosecond amplifier pumps another OPA to produce 110− 150 fs mid-IR pulses with a bandwidth of 200−400 cm −1 in a tunable frequency range from 500 to 4000 cm −1 with energy 1−40 μJ/pulse at 1 kHz. In experiments, the picosecond IR pulse is the pump beam. The femtosecond IR pulse is the probe beam. Its wavelength is measured by a spectrograph, yielding the probe axis (ω 3 ) of the 2D IR spectrum. Scanning the pump frequency yields the other axis (ω 1 ) of the spectrum. Two polarizers are inserted into the probe beam path to selectively measure the parallel or perpendicular polarized signal relative to the pump beam. Vibrational lifetimes are obtained from the rotation-free 1−2 transition signal P life = P ∥ + 2 × P ⊥ , where P ∥ , P ⊥ are data from the parallel and perpendicular configurations, respectively. Rotational relaxation times are acquired from the definition τ = (P ∥ − P ⊥ )/(P ∥ + 2 × P ⊥ ). Samples were contained in sample cells composed of two CaF 2 windows separated by a plastic spacer. In experiments, the thickness of the spacer was adjusted from 0.5 to 250 μm, depending upon the samples' optical densities. The experimental IR optical path was purged with clean air free of CO 2 and H 2 O. All measurements were carried out at room temperature (22°C).
RESULTS AND DISCUSSION
3.1. Adding Amino Acids into KSCN Aqueous Solutions Can Significantly Slow down the Vibrational Energy Exchange among SCN − Anions. Recently, thiocyanate (SCN − ) anions were found to be able to form substantial amounts of ion clusters in 1−10 M alkaline metal thiocyanate aqueous solutions. 15 The discovery suggests that in the solutions water molecules and ions tend to separate. The result also implies a relatively weak water/thiocyanate interaction presumably because of the highly delocalized charge on the anion. More experiments on NH 4 SCN solutions and mixed salt (KSCN + KF, KI, K 2 CO 3 , K 2 HPO 4 , or KOD) further support the ion clustering phenomenon observed and suggest that ion paring, clustering, and segregations are the results of chemical equilibriums among ion/ion, ion/water, and water/water interactions which depends on the chemical nature of the ions. 17, 18 Following the series of experiments, in this work we applied a similar approach to investigate ion/molecule interactions in aqueous solutions by measuring vibrational energy exchanges among isotopically labeled thiocyanate anions.
We utilized the phenomenon that thiocyanate anions in the ion clusters of KSCN aqueous solutions can exchange vibrational energy 15, 16 to determine the relative interaction strength between a model compound and SCN − : adding a model compound into a salt aqueous solution reduces the concentration of water, thus if there is no specific interaction between the ions and the model compound molecules, one would expect that the ion clusters would grow. This will result in a faster observed vibrational energy transfer among the ions as observed in the mixed salt solutions. 18 If the ions interact strongly with the model compound molecules, ions might be removed from the clusters, or the model compound molecules may insert into the ion clusters and increase the average distance among the SCN − anions and also quench the SCN − excitation. This will result in a slower observed vibrational energy transfer among the ions. The polar functional groups of a typical protein that can potentially interact with ions are the backbone amide groups, the ammonium cations, the carboxylic anions, and the amino acid residues. To determine possible SCN − /protein specific interactions, we used different model compounds to represent these different functional groups, as shown in Figure 1A: (1) Nmethylacetamide (NMA) for the backbone amide groups and acetone for the backbone carbonyl group, (2) carboxylate anion (CH 3 COO − ) for the carboxylic anions, (3) methyl ammonium cation (CH 3 NH 3 + ) for the ammonium cations, and (4) glycine (Gly), cysteine (Cys), proline (Pro), and lysine (Lys) for the amino acid residues. In experiments, each of these compounds was added into a 4 M potassium thiocyanate aqueous solution (Solution A: KSCN:KS In the solution, some ions form clusters with each other, and some are separated by other molecules. In the clusters, the thiocyanate anions can exchange vibrational energy much more efficiently than those separated anions because the energy transfer rate is inversely proportional to the sixth power of the donor/acceptor distance under the general assumption of dipole/dipole interaction. 19 The energy exchange between SCN − and S 13 C 15 N − in the clusters produces off-diagonal cross peak pairs (peaks 5 and 6 and 7 and 8) in the 2D IR spectra. At waiting time T w = 0 ps, energy exchange has not occurred. Only two diagonal pairs of peaks show up in the 2D IR spectrum (0 ps panel in Figure 1B ). Peak 1 is from the CN stretch 0−1 transition, and peak 2 is from the CN stretch 1−2 transition. Both separated and clustered SCN − anions contribute to these peaks. Peaks 3 and 4 are from the 13 C 15 N stretch 0−1 and 1−2 transitions of S 13 C 15 N − anions, respectively. The 1−2 transition peaks are at lower frequencies than their corresponding 0−1 transition peaks because the vibrations are anharmonic. With the increase of the delay time after both anions are vibrationally excited, the vibrational energy begins to exchange between SCN − and S 13 C 15 N − . The energy exchange induces off-diagonal peak pairs to appear on the off-diagonal positions (10 and 30 ps panels). After a waiting time T w = 30 ps, vibrational energy has exchanged to a substantial degree so that the off-diagonal peak pairs are pronounced. The vibrational energy transfer from SCN − down to S 13 C 15 N − produces peaks 5 and 6. The excitation frequency ω 1 of both peaks is 2066 cm simultaneous analyses on the time evolutions of both diagonal and off-diagonal peaks provide not only the energy exchange rates but also the concentration of the ion clusters. Among the four energy exchange peaks, peaks 5 and 7 also contain significant contributions from the heat effect at long waiting times. Relaxation of vibrational excitation produces heat which creates bleaching at frequencies near the CN and 13 C 15 N stretch 0−1 transition frequencies, as manifested by the temperature difference FTIR spectra shown in Figure S15 in the Supporting Information. 20, 21 The temperature difference FTIR spectra also show that the heat effect at the 1−2 transition frequencies is much smaller. Therefore, peaks 6 and 8 are more suitable than peaks 5 and 7 for analyzing the modespecific energy transfer kinetics. However, peak 8 slightly overlaps with peak 3. Thus, the intensity of peak 6 is the most straightforward signal for comparing energy transfer rates in different samples. A bigger normalized intensity of peak 6 at the same delay time represents a faster apparent energy transfer rate. . With the increase of proline concentration from 0 (Solution A) to 4 M (Solution C), the intensity of peak 6 gradually drops ∼50%. As discussed before, 15 peaks 5−8 are mainly from vibrational energy exchange between SCN − and S 13 C 15 N − at relatively short waiting times. Faster energy transfers produce larger cross peaks at the same waiting time. At longer times, heat effects grow in, which can affect peaks 5, 7, and 8. Peak 6 is hardly affected by heat because of its lower detection frequency as described in the previous paragraph. 20, 21 A simple inspection of the intensity of peak 6 reveals that the vibrational energy exchange between SCN − and S 13 C 15 N − slows down by ∼50% with the addition of 4 M proline. The R-NH 3 + cations of proline are expected to bind to SCN, similar to the binding of NH 4 + cations to the anions in concentrated NH 4 SCN aqueous solutions. 17 The binding can lead to a larger average distance among the SCN − anions by either inserting proline into the clusters or removing SCN − out of the clusters. The binding can also quench the CN excitation. These factors can slow down the observed energy transfer rates among the anions.
In addition, adding 4 M proline to the 4 M potassium thiocyanate solution can change the transition dipole moment of the CN or 13 C 15 N stretch and the refractive index of the solution. These two factors can also affect the vibrational energy transfer rates. We measured and calculated the changes of the transition dipole moments and refractive indexes and found that the effects of these two changes on the concentration of energy-transferable SCN − anions are actually small for all samples studied in this work. Measurements and corrections on the transition dipole moment and refractive index changes are provided in the Supporting Information.
The slowdowns of energy transfer observed in Solutions B∼C are not exceptions. Adding 2 M glycine, 2 M cysteine, or 2 M lysine into Solution A has a similar effect ( Figure 2B ). The intensity of the vibrational energy transfer peak 6 decreases dramatically in each case, indicating a slower energy transfer. In contrast, the intensity of peak 7 increases with the addition of amino acids. Similar to those thoroughly analyzed for other systems, 20 15 In the model, the net effects of model compounds binding to thiocyanate were considered to reduce the concentration of thiocyanate anions which can effectively transfer energy to other anions. We named these energy-transferable anions as "clustered" ions. The thiocyanate anions in solution can be simply divided into two components: thiocyanate anions bound to model compounds or water molecules that cannot exchange vibrational energy and therefore are called "isolated" and "clustered" thiocyanate anions that can exchange vibrational energy. All of the thiocyanate anions contribute to the diagonal peak pairs in 2D IR measurements, but only the clustered anions contribute to the off-diagonal peak pairs. The vibrational excitations of the anions decay with their own lifetimes. The observed changes of energy exchange rates are caused by the concentration change of clustered ions. In the model, we assume that once a thiocyanate anion is bound to a model compound it will not be able to exchange energy with other anions because the energy from this bound anion will probably transfer to the model compounds. The shortened CN lifetimes with the additions of amino acids into Solution A support this assumption (in the Supporting Information). At room temperature, the clustered ions and the isolated ions are under dynamic equilibrium. The kinetic model can be illustrated in Scheme 1. (1)
Scheme 1 The Journal of Physical Chemistry B (3) 
The time-dependent populations (isolated SCN − , clustering SCN, isolated S 13 C 15 N − , and clustering S 13 C 15 N − ) and vibrational lifetimes are experimentally determined. The isolated and clustered species equilibrium constant K (K = (k iso→clu )/(k iso←clu )) determines the location exchange rate constant ratio. The energy exchange rate constant ratio D is determined by the energy mismatch of the two vibrations. The normalized initial populations are:
Solving equations (eq 1 ∼ eq 4) with experiment results gives the energy transfer rate constants, the isolated-clustered ion exchange rate constants (k iso→clu and k iso←clu ), and the isolated/clustered equilibrium constant (K).
For the solutions, the energy mismatch between the CN and 13 C 15 N stretches is 73 cm
Our previous experiments 15 show that from 4 M KSCN aqueous solution to 1.8 M solution the cluster percentage decreases from 67% to 35%. However, the average cluster size remains almost constant (the number of anions in a cluster changes from 5 to 4). In solutions A∼O, the cluster percentage is within this range. Therefore, we assume that the cluster size is constant in all solutions so that we can use the same energy transfer rate constant for all samples in the calculations to have a fair comparison for the cluster percentage in different samples.
Analyses Analyses and experimental results of all other samples that were examined in this work are provided in the Supporting Information.
3.3. K + /Carboxylate Anion Interaction Is Not Responsible for the Slower Energy Transfer Observed. Now, the next issue to explore is which specific interaction is responsible for the observed slower energy transfer with the addition of amino acids: the thiocyanate/ammonium interaction or the K + / carboxylate anion interaction. This topic was investigated by measuring the vibrational energy transfers among thiocyanate anions in solutions with the addition of CH 3 + , the intensity of peak 6 has almost no change (panel Solution G) compared to without the addition (panel Solution A), implying that the interaction between K + and the carboxylate anion (if any) plays a very minor role in disrupting the concentration of ion clusters in the amino acid solutions B∼F. In contrast, the addition of only ∼2 M of CH 3 NH 3 + Cl − produces a substantial change in the intensity of peak 6 (panel Solution H). The change can be caused either by the binding between the ammonium cation and the thiocyanate anion or by the interaction between Cl − and K + inside the clusters. The latter possibility is excluded by experiments. As shown in panel Solution I, when ∼1.8 M KCl was added into Solution A, no obvious change in the intensity of peak 6 was observed. The series of experiments reveals that the ammonium cation does interact with the thiocyanate anion. The observations agree with our recent experiments that NH 4 + can directly bind to SCN − in aqueous solutions. 17 They also agree with the recent theoretical finding that the strong ″chaotropic″ ammonium group of amino acids can form direct ion pairs with strong ″chaotropic″ anions. 23, 24 Quantitative analyses based on the kinetic model described above show that the addition of 2 M CH 3 NH 3 + Cl − reduces the concentration of clustered ions to ∼44% from 67% in solution A. H + from possible deprotonation of the amino acids is not a likely reason for the observed slowed 3.4. N−H Group in the Backbone Can Also Slow Down the Vibrational Energy Transfer. We used a similar strategy to investigate the salt/amide backbone interactions. As displayed in Figure 6B and C, adding 4 M NMA (Nmethylacetamide) into Solution A slightly slows down the vibrational energy exchange. NMA has three possible sites binding to thiocyanate: the carbonyl group ( ), the amide bond ( ), and the N−H group ( ). We used acetone to represent the carbonyl group. As shown in Figure  6D , adding 4 M acetone into Solution A produces a negligible change in the vibrational energy transfer rate among the thiocyanate anions, implying that the interactions between the carbonyl group and the ions are very weak. Adding 4 M DMF (HCON(CH 3 ) 2 , Figure 6E ) has a similar but very slight effect. However, adding 4 M formamide (HCONH 2 , FMA, Figure 6F ) into Solution A produces a clear decrease in the intensity of peak 6, indicating a stronger interaction between the ions and formamide. Formamide has two more N−H's than DMF (note, the two N-H's are slightly different because of their different locations) and one more N−H than NMA. The results in Figure 6B ,E, and F imply that the N−H group plays an important role for the amide group binding to the ions (the quantitative analysis on DMF shows that the amide bond also plays a role, see Supporting Information). Because formamide is less electron-rich than the other two molecules, the ions bound to its N−H's are probably the thiocyanate anions (to H) rather than the K + cations (to the lone electron pair). The conclusions are supported by further experiments. Adding 4 M diethylamine ((C 2 H 5 ) 2 NH, DEA) into Solution A, which clearly reduces the intensity of peak 6 ( Figure 6G ), indicates a strong interaction between the amine group and the ions, while adding 4 M triethylamine ((C 2 H 5 ) 3 N) to Solution A does not change the intensity of peak 6 ( Figure 6H ) as much, indicating the insignificance of the interaction between the lone electron pair and K + . The results also explain why the effect of lysine is bigger than proline ( Figure 2B ), probably because lysine has an extra amine group which is able to bind to thiocyanate. It is interesting to note that in solutions with amino acids (proline), NH 4 + , and NMA the CN stretch 0−1 transition central frequency red shifts for about 2 cm −1 , compared to that in the 4 M KSCN solution. In contrast, adding 4 M CH 3 COOK or acetone does not cause such a frequency shift, as displayed in Figure 7 . The results show that the molecules with the positively charged groups or the amide groups probably have a bigger effect on the CN vibration of SCN − than the molecules without them in aqueous solutions.
Quantitative analyses show that the concentration of clustered anions is slightly reduced to 58% ± 4% from 67% with the addition of 4 M NMA, to 52% ± 4% with the addition of 4 M FMA, and to 62% ± 4% with the addition of 4 M acetone. , and prolinecomplexed (SCN pro − ). Two types of proline molecules coexist: hydrated (pro hydrated , including the self-associated proline) and thiocyanate-complexed (pro SCN − ). The binding affinity between thiocyanate and proline is defined as
from the following equilibrium
In the model, we assumed that the extent of self-association of proline is small because of the relatively big amounts of water and KSCN. The total concentration of water was taken as constant since the amount of additive is relatively small, leading to a constant concentration of hydrated thiocyanate anions. In this approximation, proline/thiocyanate complexes in both water and ion clusters are mathematically combined into one parameter: SCN pro − . The concentration sum of prolinecomplexed and hydrated thiocyanate anions was obtained from the vibrational energy exchange experiments, and the concentration of proline was known beforehand. Equation 5 is readily solvable with all these parameters known. The number of water molecules in eq 5 was set to be 1 for comparison of the one-to-one binding affinity. On the basis of this model and the vibrational energy exchange results, the relative affinity (compared to water) of proline with thiocyanate was determined to be 19 ± 8. This result is also consistent with the potassium thiocyanate concentration-dependent energy exchange measurements: in the 4 M potassium thiocyanate aqueous solution (Solution A, salt:D 2 O = 1:10), 33% of the thiocyanate anions are not clustered, and the number is 65% in a 1.8 M solution (salt:D 2 O = 1:25). 15 In Solution C (proline:salt:D 2 O = 1:1:10), 66% of the thiocyanate anions are not clustered. Comparing Solution C and the 1.8 M solution, the effect of one proline binding to thiocyanate is roughly equal to that of 15 water molecules in the aqueous solutions. The relative affinity values of other model compounds with thiocyanate were also determined in a similar manner, listed in Table 1 . Data in Table 1 show that the affinity of the ammonium cation of amino acids with thiocyanate is only 5−20 times bigger than that of the amide group.
The series of experiments also demonstrates that the chemical natures of the ions and molecules play critical roles in the specific ion/molecule interactions in aqueous solutions. The macroscopic dielectric constants of the molecules are minor factors. For example, the dielectric constant of acetone is ∼22, and that of diethylamine is ∼4, but the binding affinity of diethyl amine to thiocyanate is obviously stronger than that between acetone and the anion. 
The-time dependent populations (CN and ND) and vibrational lifetimes are experimentally determined. The energy exchange rate constant ratio D = (k CN→ND )/(k ND → CN ) is determined by the energy mismatch of the two vibrations: D = 0.2. Solving equations eq 7 and eq 8 with experiment data gives 
The Journal of Physical Chemistry B calculations, the energy transfer rate ratio (k ND→CN )/(k OD→CN ) is 1.7. According to the dipole/dipole approximation, the normalized larger ND to CN energy transfer rate implies a shorter or at least comparable distance of ND/CN, compared to that of OD/CN. As mentioned above, we found that part of the energy can transfer in both systems through combination bands. The energy transfer mechanism through combination bands is not necessary in the dipole/dipole interaction, which is to be explored in our future work. Therefore, the energy transfer rate ratio reported here can not be immediately translated into the donor/acceptor distance ratio based on the dipole/dipole interaction. Nonetheless, the energy transfer measurements show that the SCN − anions can stay close to the NH groups of formamide. These results are consistent with the above ion clustering measurements. Calculated H 2 O/SCN − and formamide/SCN − dimer structures are displayed in Figure  9 .
CONCLUDING REMARKS

As demonstrated in this work, interactions between SCN
− and some amino acids, the amide group, and the amine group of some organic compounds in aqueous solutions were observed. Quantitative analyses show that the interaction strength between SCN − and the charged amino acid residues is about 20 times bigger than that between the water molecules and the amino acids and about 5−10 times larger than that between SCN − and the neutral amide groups. The affinity ratios lead to an interesting scenario: if the measured affinity values of the model compounds are similar to those of functional groups of proteins, the amide groups can bind to the SCN anions during protein denaturation with a similar or even larger probability than the positively charged groups if a large number of the amide groups can expose to the water phase during the denaturation. We urge caution here that results from this work are not necessarily immediately transferable to big biomolecules, e.g., proteins, because the formation of a global stable conformation in a protein may impose geometric constraints on some segments. The geometric constraints can block ions from approaching the functional groups of the segments, shifting the chemical equilibrium of ion/segment interactions away from that of the ion/model−molecule interactions free of geometric constraints studied here. For those segments free of geometric constraints, there is no spatial problem for ions to approach the functional groups. We would expect that their interactions with ions should be similar to those studied in this work. Nonetheless, the chemical equilibrium among ion/water/ molecule revealed in this work can be potentially helpful for understanding of molecular structures and dynamics in aqueous solutions.
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13 15 * * * 13 15 13 15 ( ) show that from 4M KSCN aqueous solution to 1.8M solution, the cluster ratio decreases from 67% to 35%. However, the average cluster size remains almost constant (5 to 4). In solutions A~O, most of the cluster ratios are within this range. Therefore, we assume that the cluster size is constant in all solutions so that we can keep the energy transfer rate constants constant for all samples in the calculations to have a fair comparison for the cluster ratios.
Analysis based on experimental results and the kinetic model for solution A gives For solutions B~O, calculations and experimental results are displayed in Figure   S2~S14 . Parameters for calculations are listed in the following. Here it is necessary to note that in our experiment, the cross peaks and the diagonal peaks are measured in different laser focusing conditions. For the cross peak measurement, the pump laser The coupling between two dipoles is given by Eq.S10
The refractive index of KSCN at 5 microns is 1.53. For most of the compounds, the refractive indexes at 5 microns are not available from literature. Instead, we use the values at ~600nm reported in references [4] [5] [6] [7] [8] [9] [10] . 
Transition dipole moment correction
The . With the number of CH 3 group decreasing, the intensity of peak 8 also decreases, indicating the insignificance of the CH 3 group binding to the anion. We also notice that beside the N-H group, the amide bond (CO-N) also plays a role in binding to the anion, as shown in the quantitative analyses in Table S1 .
The coupling orientation of KSCN-HCOND 2 dimmer
The coupling orientation factor between two modes can be estimated from the DFT calculation results for the dimmers based on Eq. S8. In the orientation factor calculations, the DA r starting point of the CN stretch of SCN -is the center of the CN bond, and that of the ND stretch of HCOND 2 . Deatiled parameters are provided in table S5. In estimating the energy transfer rate ratio, the refractive indexes of both solutions were taken to be the same. 
